■ INTRODUCTION
All but the simplest of molecules exist as a mixture of conformers. This is particularly important for biomolecules such as polypeptides. Here we investigate head-to-tail cyclic peptides, which are a class of molecules that are of interest from a pharmaceutical perspective for their biological properties, such as immunosuppression 1 and activity against microbes, 2, 3 tumors, 4 and amyloid fibrils. 5 Cyclic tetrapeptides, of which there are many biologically active examples, 3, 4, 6 have particularly interesting conformational dynamics, with several conformers interconverting slowly. 7, 6 A range of computational methods have been used to explore the conformations of cyclic peptides. 8−12 Most of these have focused on locating stable conformers for these compounds, but to fully understand their conformational chemistry we must also study the transition states governing the interconversion of conformers. Discrete path sampling is a method for generating the low-lying minima and the transition states connecting them. 13−15 We have previously used this method to explore the energy landscape of some small cyclic α-peptides. 12 The conformational behavior of cyclic peptides is particularly interesting with respect to cis−trans isomerization. 9, 12, 16 In acyclic peptides, the peptide bonds tend to favor trans conformations, with only 0.03% of the nonproline residues adopting cis conformations. 17 However, proline (Pro) residues commonly lead to the formation of isomeric mixtures, with about 5% of Xaa-Pro peptide bonds in proteins present in the cis conformation. 17 The tendency to form the cis conformation is highly dependent on the amino acid sequence. For example, the presence of an electron-rich aromatic side chain on the adjacent residue promotes the formation of the cis conformer. 18 Cis−trans isomerization of Xaa-Pro can prevent or reduce the rate of protein folding; therefore, the presence of both cis and trans Pro isomers for a given peptide residue is often a characteristic of unfolded proteins. 19 Upon folding of the protein domain, only one (either cis or trans) of the two isomers of that particular peptide bond is present. In some signaling proteins, cis−trans isomerization of a single Xaa-Pro peptide bond controls the interconversion of two states of the protein. 20, 21 In the absence of external stimuli, the high energetic barrier to interconversion of the cis and trans peptides (∼20 kcal mol −1 for most amino acids or ∼15 kcal mol −1 for Xaa-Pro) is largely independent of solvent polarity 22 or temperature. 23, 24 Some enzymes (e.g. cyclophillins) are able to promote protein folding by lowering the cis−trans isomerization activation barrier. 25 Cyclization has a significant effect on the cis−trans isomerization of small cyclic peptides, with a decrease in the size of the ring leading to an increase in the occupation of the cis peptide conformers. 9 Our discrete path sampling calculations show that smaller ring sizes lead to a lower barrier to cis−trans isomerization. 12 The strain in the 12-membered rings of cyclic tetra-α-peptides causes them to have very different energy landscapes to either acyclic or larger cyclic peptides, with the cis and trans isomers very close in energy. The barriers to cis−trans isomerization are also substantially lower due to distortion of the peptide bond, while the barriers to rotation of the other torsion angles in the macrocycle are larger due to steric crowding.
Ring strain makes closure of the 12-membered ring of a cyclic tetra-α-peptide rather difficult, and novel strategies, such as ring contraction or metal templating, need to be employed in their synthesis.
26−34 β-Peptide residues, such as β-alanine (β-Ala), have an extra methylene group in their peptide backbones. Including two of them in a cyclic tetrapeptide gives a larger 14-membered ring, which is less strained and therefore more accessible synthetically. These non-native cyclic tetra-α/β-peptides have a ring structure similar to the widely used cyclam ligand and can be used as novel ligands for metal complexation. 35 Including a proline residue, which is able to adopt a cis conformation and bring the two termini of the peptide close together, further increases the ease of cyclization. 33 Cyclic tetra-α/β-peptides that have been synthesized previously include cyclo-[(β-Ala-Ala) 2 ], 36 cyclo-[β-Ala-Ala-β-Ala-Pro], 36 cyclo-[(β-Ala-Pro) 2 ], 36−38 and cyclo-[β-Ala-Val-β-Ala-Pro]. 39 Here, we investigate whether the unusual conformational features of cyclic tetra-α-peptide energy landscapes are retained in cyclic tetrapeptides containing two β-amino acid residues. We report the synthesis of the cyclic tetrapeptide cyclo-[β-AlaLys-β-Ala-Pro] using solid-phase methods, with the growing peptide chain anchored to the resin via the side chain of the lysine (Lys) residue. Cyclization of the peptide is performed on-resin under pseudo-high-dilution conditions 40−42 to minimize the likelihood of intermolecular reactions leading to cyclic octapeptides or larger polypeptides. Nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopies were used to study the conformations adopted by this cyclic peptide.
We use discrete path sampling to investigate the free energy landscapes of a series of cyclic tetra-α/β-peptides, starting with cyclo-[(β-Ala-Gly) 2 ] and building up toward cyclo-[β-Ala-Lys-β-Ala-Pro]. We compare these to cyclic tetra-α-peptides and acyclic peptides to understand the effect of β-amino acid residues on the underlying energy landscapes. Replacing the flexible Lys side chain in cyclo-[β-Ala-Lys-β-Ala-Pro] with less flexible side groups substantially reduces the number of stationary points to be explored. We present the energy landscapes of cyclo-[β-Ala-Ala-β-Ala-Pro] and cyclo-[β-Ala-Val-β-Ala-Pro], which both have side chains that are less flexible than Lys. The Val residue has a sterically demanding isopropyl side chain in close proximity to the cyclic peptide backbone, which may affect the conformations of the ring. We also present calculated CD spectra 43−45 derived from the energy landscapes of cyclo-[β-Ala-Ala-β-Ala-Pro] and show that they are in good agreement with the experimental CD spectra of cyclo-[β-AlaLys-β-Ala-Pro].
■ COMPUTATIONAL METHODS
Free Energy Landscapes. The energies of all structures were evaluated using the AMBER ff03 force field.
46−48 Solvent effects were modeled using the generalized Born implicit solvation method. 49 We have previously shown that the energies of cyclic tetrapeptide conformers calculated with the AMBER ff03 force field are in good agreement with those calcualted with density functional theory at the B3LYP/6-31G* level. 12 Parameters for the unnatural amino acid β-Ala were needed for these calculations. The α-and β-carbon atoms were both assigned as atom type CT, and the hydrogen atoms attached to these were assigned as type H1. Mulliken charge analysis 50 at the HF/6-31G* level was performed on both Ala and β-Ala using NWChem. 51 The force field charges for β-Ala were obtained by adjusting the Ala charges based on the difference between the two sets of Mulliken charges. These parameters are available as Supporting Information. All structures are visualized using the VMD molecular graphics program. 52 The energy landscapes of the cyclic peptides were explored with discrete path sampling 13−15 as implemented in the PATHSAMPLE software. 53 For each cyclic peptide, an initial database of minima was generated using the basin-hopping algorithm 54 in GMIN. 55 Pairs of minima were then connected via doubly nudged elastic band calculations 56 in OPTIM 57 to locate a pathway between them. This pathway may consist of a single transition state or a sequence of several minima and transition states. Candidate transition states were then optimized by hybrid eigenvector following 58−60 in OPTIM. 57 These are then added to a database of stationary points, and a connection attempt is made on another pair of minima. Pairs of minima for connection were chosen using the missing connections algorithm. 61 Later, pairs of minima were connected using the UNTRAP method to remove any artificial frustration. 62 The search continued until no new low-lying minima or transition states were found for several connection attempts.
The energy landscapes are visualized as disconnectivity graphs, 63, 64 in which the minima are partitioned into disjoint sets using the energies of the connecting transition states. A node on a disconnectivity graph represents the energy of the highest transition state on the lowest pathway connecting a pair of minima. This allows easy visualization of a large network of minima and transition states. All of the disconnectivity graphs presented here show free energy landscapes calculated at 298 K. 65, 66 To obtain the free energy, we use the harmonic approximation to include the effect of vibrational entropy. The free energy of a minimum, F i , or transition state, F † , at temperature T is given by
(1)
where ν ̅ is the geometric mean normal-mode frequency and κ is the number of vibrational degrees of freedom. Some of the peptides presented here, such as cyclo-[(β-Ala-Gly) 2 ], are highly symmetrical, with groups of symmetry equivalent stationary points. During the discrete path sampling calculations, the permutation-inversion isomers of each stationary point are combined, and permutational entropy is taken into account in the free energy calculations, with n* being the number of permutation-inversion isomers.
67,68
The Journal of Physical Chemistry B The number of minima makes discrete path sampling calculations for cyclo-[β-Ala-Lys-β-Ala-Pro] difficult, and we present a partial energy landscape for this cyclic peptide. For comparison, the free energy landscapes of some of the cyclic-and acyclic-α-peptides in our previous study were also generated using the published databases of stationary points. 12 The PATHSAMPLE databases of stationary points for cyclo-[(β-Ala-Gly) 2 Circular Dichroism (CD) Calculations. The CD spectra of the cyclic peptides were calculated using the matrix method, 43−45,69−71 which treats a polypeptide as a collection of amide chromophores that interact electrostatically. The transition properties of the peptide groups were parametrized through CASSCF/CASPT2 calculations on N-methylacetamide. 72 In the wavelength range 200−250 nm, the CD spectra of peptides are dominated by the amide n → π* and π → π* transitions. Here, we use the simplest peptide parameters including only these transitions. Additional parameters for higher-energy local transitions 43 or charge-transfer transitions 73 are unnecessary as these occur at shorter wavelengths than the recorded experimental spectra. By assuming that the chromophores only interact electrostatically, the matrix method does not include any throughbond interactions. Also, any changes to the transition properties of the amide groups due to changes in the solvent 74 or geometrical distortion are not taken into account. Despite these limitations, the matrix method works well for molecules of a similar size to the ones in this paper. For example, the transition energies and dipole moments of glycouril, a cyclic diurea, from matrix method calculations, ab initio calculations, and experimental measurements are in good agreement. 75 In principle, the CD spectra can be calculated using timedependent density functional theory (TDDFT). However, widely used functionals, such as B3LYP, represent chargetransfer transitions poorly. 76 This is a significant problem for peptides because charge-transfer transitions, which should occur at relatively high energies, are calculated to be close to the local π → π* transitions.
A major advantage of matrix method calculations is that they require little computational effort. Therefore, the CD spectra of all minima for the compounds presented here can be generated rapidly. The CD spectrum corresponding to a funnel on the energy landscape is taken as the sum of the calculated CD spectra for all minima within that funnel weighted by the probability, P s , of being in the catchment basin of a minimum s:
where F s is the free energy of that basin and β = 1/k B T. The sum is taken over all states found by the discrete path sampling algorithm. Gaussian curves with a half width of 12.5 nm are then added to the resulting line spectra to produce the CD spectra presented here.
■ EXPERIMENTAL METHODS
General Experimental. Fmoc-protected α-amino acids, peptide grade solvents (DMF, DCM, NMP, 20% piperidine in DMF), N,N-diisopropylethylamine (DIEA), 2-chlorotrityl resin, and HBTU were obtained from AGTC Bioproducts. Fmoc-β-Ala was obtained from Novabiochem. HPLC grade solvents (DCM, acetonitrile, water, acetic acid, methanol) were purchased from Fisher Scientific and allyl bromide, Pd(PPh 3 ) 4 , PhSiH 3 , and TFA from ACROS Organics. Sodium diethyldithiocarbamate was purchased from Sigma-Aldrich. All chemicals were used directly as received, apart from DCM which was refluxed over CaH 2 prior to use. ESI-TOF MS were recorded on a Microwaters LCT TOF spectrometer equipped with a 3000 V capillary voltage and a cone voltage of 35 V. MALDI-TOF MS were recorded on a Bruker Biflex IV equipped with a nitrogen laser (337 nm). ESI samples were prepared in a water/ methanol/acetic acid mixture (50:50:0.1), and MALDI was performed with 2,5-dihydroxybenzoic acid as the matrix. The MALDI-TOF instrument was calibrated over the range 1000− 1600 with a protein mixture containing Angiotensin II (m/z = 1046.54180), Angiotensin I (m/z = 1296.68748), substance P (m/z = 1347.73543), and Bombesin (m/z = 1619.82235) using a quaternary fit. All spectra were recorded in positive mode. Elemental analyses were recorded on an EA CHNS 1110; combustion was performed at 950°C; and the data were treated using Eager 300 software. the mixture, which was subsequently washed with a saturated sodium hydrogen carbonate aqueous solution (3 × 50 mL) and brine (3 × 50 mL). The organic phase was dried (MgSO 4 ) and the drying agent removed by filtration before removing the solvent under reduced pressure to produce a pale yellow solid. This was triturated with cold diethyl ether, recovered by filtration, and air-dried to yield a white powder (1.00 g, 92% Fmoc-Lys(resin)-OAll. Two equiv. of DIEA (239 μL; 1.37 mmol) was added to a solution of Fmoc-Lys-OAll (280 mg, 0.685 mmol) in dry DCM. The solution was stirred for 5 min and 2-chlorotrityl resin (1.431 g; 1.3−1.5 mmol/g; 1.86−2.15 mmol) added. The mixture was stirred at rt for 2 h and the resin removed by filtration and washed with DMF (20 mL), a mixture of DCM−MeOH−DIEA (17:2:1) (2 × 20 mL), DMF (5 × 20 mL), DCM (5 × 20 mL), and finally diethyl ether (20 mL). The lysine-loaded resin was dried in a desiccator overnight and the loading rate subsequently determined by measuring the release of the Fmoc group by UV−visible spectroscopy using a previously reported method. 78 Fmoc-β-Ala-Pro-β-Ala-Lys(resin)-OAll. The linear tetrapeptide was prepared on resin by iterative coupling and deprotections, separated by washings (5 × 25 mL of DMF, 5 × 25 mL of DCM, and finally 3 × 25 mL of Et 2 O), for all Fmoc-Lamino acids, using standard Fmoc-amino acid solid-phase peptide synthesis protocols. 78 Fmoc-β-Ala-Pro-β-Ala-Lys(resin)-CO 2 H. The allyl protecting group (OAll) was removed by adding 24 equiv of PhSiH 3 (1.74 mL, 14.2 mmol) to a mixture of Fmoc-β-Ala-Pro-β-Ala-Lys(resin)-OAll (1.97 g) in dry DCM (ca. 15 mL). A solution of Pd(PPh 3 ) 4 (170.4 mg, 0.15 mmol, 0.25 equiv) dissolved in the minimum volume (ca. 7 mL) of dry DCM was added and the suspension stirred at rt under a nitrogen atmosphere for 45 min. The resin was recovered by filtration and washed with dry DCM (25 mL). This process was repeated twice to ensure total deprotection. The resin was finally washed with a solution of 0.5% sodium diethyldithiocarbamate in DMF (2 × 20 mL), DMF (5 × 25 mL), DCM (5 × 25 mL), and diethyl ether (3 × 25 mL).
H 2 N-β-Ala-Pro-β-Ala-Lys(resin)-CO 2 H. The Fmoc group was removed by stirring the resin in 20% piperidine in DMF (25 mL) for 45 min at rt. This process was repeated twice to ensure complete Fmoc removal. The resin was recovered by filtration and washed with DMF (5 × 25 mL), DCM (5 × 25 mL), and diethyl ether (5 × 25 mL).
Cyclo-[β-Ala-Pro-β-Ala-Lys](resin). On-resin cyclization was performed by the successive addition of DMF (20 mL), 2 equiv of HBTU (448 mg, 1.18 mmol), and 4 equiv of DIEA (411 μL, 2.36 mmol) to the resin, which was stirred under an inert nitrogen atmosphere at 4°C for 1 h, followed by 2 h at rt. The resin was recovered by filtration and washed with DMF (5 × 25 mL), DCM (10 × 25 mL), and diethyl ether (5 × 25 mL).
Cyclo-[β-Ala-Lys-β-Ala-Pro]. The cyclic peptide was cleaved from the resin by the addition of 20 mL of cleavage mixture TFA:H 2 O (95:5) and stirring at rt for 2 h. The resin was removed by filtration and washed with TFA (10 mL) and the filtrate reduced to dryness in vacuo. The solid was redissolved in water (ca. 15 mL) and purified by semipreparative reversed-phase C18-HPLC eluted with a solvent mixture altered with a linear gradient from 0.05% TFA in water to 0.05% TFA in CH 3 Table 1 . We also compare them to the acyclic peptide Ace-Gly 3 -NMe, which contains four amide bonds and therefore can be directly compared to cyclic tetrapeptides. The free energies of cyclo-[Gly 4 ] and Ace-Gly 3 -NMe were calculated from our previously published databases of stationary points. 12 The most stable conformers of cyclo-[(β-Ala-Gly) 2 ] have all of the peptide groups in the trans conformation. The most stable conformers containing a cis peptide lie 3.9 kcal mol Table 1 ). The relative energies of the cis and trans isomers in cyclo-[(β-Ala-Gly) 2 ] are closer than in the acyclic peptide, and the barriers to their interconversion are smaller. However, the trans−cis barriers are larger than those in cyclo- [Gly 4 ]. Strain has some influence on the energy landscapes of cyclic tetra-α/β-peptides but to a much lesser extent than for cyclic tetra-α-peptides.
There are 12 structures that contribute more than 5% to the equilibrium population of cyclo-[(β-Ala-Gly) 2 ] (Figure 1 ). Many of these are degenerate, and there are only four symmetry-unique conformers: two doubly degenerate C 2 -symmetric structures and two quadruply degenerate structures with C 1 symmetry. Some of these structures contain one or two hydrogen bonds as part of a γ-turn. The structure containing two hydrogen bonds (Figure 1d ) is close to Vass's proposed global minimum structure for cyclic tetra-α/β-peptides. 36 All of these conformers have similar placements of the β-Ala-Gly peptide bonds, which lie in the plane of the ring with the oxygen atoms pointing outward. The main differences between the conformers are in the orientations of the Gly-β-Ala peptide groups relative to the plane of the ring. The calculated barriers to rotations of these peptide groups are 4−6 kcal mol −1 ( Figure  1 ). At equilibrium, conformers containing all-trans peptide groups make up more than 99.9% of the total population.
Energy Landscape of Cyclo-[β-Ala-Ala-β-Ala-Pro]. In water, the free energy landscape of cyclo-[β-Ala-Ala-β-Ala-Pro] has two low-lying funnels separated by a barrier of 15.0 kcal mol −1 (Figure 2 ). These two funnels correspond to structures containing the trans and cis isomers of the β-Ala-Pro peptide bond. The most stable isomers in each of the funnels are separated by less than 0.1 kcal mol −1 . All structures containing at least one of the other peptide groups in the cis conformation are at least 5.9 kcal mol −1 above the global minimum and separated from it by barriers of at least 18.3 kcal mol −1 . If these two funnels are in equilibrium at 298 K, one would expect 45% of the molecules to have all the peptide groups in trans conformations and 55% to have one cis peptide bond (Table  2) .
For each arrangement of cis and trans peptide bonds, there are more than 50 minima. The funnel corresponding to a cis conformation in the β-Ala-Pro peptide bond splits into two subfunnels at 9.5 kcal mol −1 above the global minimum. The structures at the ends of these subfunnels (Figure 2b and 2c) differ by the orientation of the Pro-β-Ala peptide bond relative to the plane of the ring. The barrier to this rotation is relatively large because it requires concerted motion of many of the atoms in the macrocycle and the breaking of a transannular hydrogen bond. Smaller barriers separate minima that have different orientations of the other peptide groups relative to the ring or different arrangements of the β-alanine backbones. The smallest barriers of 1−2 kcal mol −1 correspond to pseudorotation 79, 80 of the five-membered ring in the proline residue. For the cis and trans isomers to be in equilibrium, the transition states linking them must be kinetically accessible. To the best of our knowledge, there are no experimental measurements of the rates of cis−trans isomerization for cyclic tetra-α/β-peptides. The closest compound for which experimental data are available is the cyclic pentapeptide cyclo-[GlyAla-Gly-Gly-Pro]. At 298 K, both conformers of the Gly-Pro peptide group are present in a 65:35 trans:cis ratio, with the lifetime of the cis isomer estimated to be between 2 × 10 −2 and 3 × 10 −1 s. 81 A free energy barrier of 14.3 kcal mol −1 (at 323 K) for cis−trans isomerization was obtained from saturation transfer NMR experiments. 82 Our calculations on the similar molecule cyclo-[Gly 4 Pro], from the published database of stationary points, 12 show the cis and trans isomers in equilibrium but with the major isomer having a cis Gly-Pro peptide bond ( Table 2 ). The calculated free-energy barrier for cis−trans isomerization in cyclo-[Gly 4 -Pro] is 14.0 kcal mol −1 , which is close to the experimental barrier for cyclo-[Gly-AlaGly-Gly-Pro]. The barrier of 15.0 kcal mol −1 for cyclo-[β-AlaAla-β-Ala-Pro] leads to isomerization that is approximately 5 times slower at 298 K but is not sufficiently high to trap the cyclic peptide in either conformation.
To understand the effect of solvent polarity on the energy landscape of cyclo-[β-Ala-Ala-β-Ala-Pro], we have also performed discrete path sampling calculations in vacuo ( Figure  3) . In water, the most stable all-trans conformers have all of the peptide groups oriented perpendicular to the ring, with the C− O bond vectors pointing in the same direction (Figure 2a) . In vacuo, the most stable all-trans conformers contain multiple intramolecular hydrogen bonds (Figure 3a) . This rearrangement stabilizes the all-trans isomers in nonpolar conditions. The structures containing cis β-Ala-Pro peptide bonds are less able to respond to the change in solvent polarity because the oxygen atom in the cis peptide group is aligned equatorially and cannot be involved in an intramolecular hydrogen bond. The most stable structures in vacuo that contain cis peptide bonds (Figure 3b and 3c) only contain a single transannular hydrogen bond and are therefore less stable than the all-trans isomers. Decreasing the solvent polarity shifts the equilibrium population toward the all-trans arrangement of peptide groups. However, all of our experimental measurements were performed in polar solvents, and one would expect the conformational preferences to be closer to those calculated in water than those calculated in vacuo.
Energy Landscape of Cyclo-[β-Ala-Lys-β-Ala-Pro]. The number of possible conformations of the Lys side chain makes NMR of Cyclo-[β-Ala-Lys-β-Ala-Pro]. The cyclic tetra-α/ β-peptide cyclo-[β-Ala-Lys-β-Ala-Pro] was prepared by solidphase peptide synthesis, anchored to the resin through the lysine side chain. 83, 84 The cyclization of the peptide was performed on-resin. 85 The peptide was purified by reversedphase C18-HPLC and characterized by MALDI-TOF, NMR, analytical C18-HPLC, and elemental analysis (NMR and HPLC data are available as Supporting Information). Both the analytical C18-HPLC and elemental analysis are consistent with a pure compound (>99%); however, the Similarly, two sets of signals are observed in the 13 C NMR spectrum recorded in 90% H 2 O/10% D 2 O. The chemical shift difference between the Pro β-carbon and γ-carbon signal is sensitive to the conformation of the peptide bond. 86 The Δδ of 4.34 ppm for the major species indicates a trans β-Ala-Pro peptide bond, whereas the Δδ of 9.23 ppm for the minor species is consistent with a cis β-Ala-Pro peptide bond ( Figure  5 ). 87 NOESY NMR can be used to determine interproton distances and, hence, provide further information concerning the stereochemistry of the β-Ala-Pro bond. In the NOESY spectrum of cyclo-[β-Ala-Lys-β-Ala-Pro] in 90% H 2 O/10% D 2 O, no cross peaks were detected between protons H α (β-Ala) (2.58 and 2.86 ppm) and H α (Pro) (4.42 ppm) of species A, which would be expected for a stereoisomer with a cis β-AlaPro peptide bond. In contrast, cross peaks were detected between protons H α (β-Ala) and H δ (Pro), consistent with a trans β-Ala-Pro peptide bond. However, the 1 H NMR spectrum is complicated by the fact that two H δ (Pro) signals overlap with two of the four H β (β-Ala) signals, for which geminal coupling with proton H α (β-Ala) would also be expected. The resonance centered at 2.86 ppm, with an integration of one and assigned as H α (β-Ala), gives rise to three cross couplings. Of these, two correspond to H α (β-Ala)−H β (β-Ala) coupling, and the third corresponds to H α (β-Ala)−H δ (Pro) coupling, consistent with the short distance between these two protons in the trans β-Ala-Pro conformation ( Figure 6 ). We therefore conclude that, under these conditions (aqueous solution, 300 K), the major species A contains a trans β-Ala-Pro peptide bond. This is consistent with 1 H NMR assignments in the literature for isomers with differing Xaa-Pro peptide bond stereochemistry. . To account for the presence of a third species, one must consider that, in addition to the cis−trans stereoisomerism of the peptide bond, large barriers are also seen in reorientation of the peptide groups relative to the ring. When the β-Ala-Pro bond of cyclo-[β-Ala-Ala-β-Ala-Pro] is in the cis conformation, the two possible alignments of the next peptide group are separated by a large barrier (Figure 2b and 2c) . It is possible that these isomers are responsible for the minor signals in the NMR. If the conformers responsible for these signals are at equilibrium, a 75:15:10 ratio corresponds to the conformers responsible for signals B and C having free energies 1.0 and 1.2 kcal mol −1 higher than conformer A, respectively. A distinction must be drawn between the free energies of individual minima, which we obtain from discrete path sampling, and the free energies of groups of minima, which we can obtain from NMR measurements. Variable-temperature population of conformers in MeOD-d 4 and DMSO-d 6 remains largely unchanged over these temperature ranges (see Figure 7 for MeOD-d 4 and Supporting Information for DMSO-d 6 ). Using the derived relative energies of the conformers responsible for signals A, B and C, one would expect ratios of 84:10:6 at 233 K and 70:18:12 at 353 K. The uncertainties in the integrated intensities of the minor signals are large enough that changes in the relative populations of this size are difficult to resolve. Comparing these NMR measurements to the calculated energy landscape of cyclo-[β-Ala-Ala-β-Ala-Pro], signal A corresponds to the funnel around the structure in Figure 2a . Signals B and C probably arise from the funnels centered on the structures in Figure 2b and Figure 2c , but we are unable to assign which structure corresponds to which signal. The NMR measurements give a slightly higher preference for the trans isomer than calculations. However, an error of less than 1 kcal mol −1 in the calculated energies would give the observed trans:cis ratio. This is in good agreement within the limitations of both NMR integration and force field calculations.
Circular Dichroism. Circular dichroism (CD) spectra of 0.8 mM cyclo-[β-Ala-Lys-β-Ala-Pro] were recorded at 298 K in various solvents (and solvent mixtures) with differing polarity and proticity. In water, the CD spectrum consists of a broad minimum centered at 217 nm, with a shoulder at 206 nm. As the polarity of the solvent decreases from H 2 O to MeOH, and from MeOH to DCM, the shoulder at 206 nm disappears, and the minimum centered at 217 nm (θ = −8820 deg cm 2 dmol The published CD spectrum for cyclo-[β-Ala-Ala-β-Ala-Pro] in water 36 is similar to our experimental CD spectrum for cyclo-[β-Ala-Lys-β-Ala-Pro], which suggests the backbones of both cyclic peptides adopt similar conformations. This provides some support for performing discrete path sampling on cyclo-[β-Ala-Ala-β-Ala-Pro] and subsequent use of the resulting backbone conformations to model peptides with more flexible side chains.
We have calculated the CD spectra of all the minima of cyclo-[β-Ala-Ala-β-Ala-Pro] using the matrix method. The CD spectrum corresponding to each of the low-lying funnels was calculated as a Boltzmann weighted sum of the minima in that funnel ( Figure 9 ). The calculated CD spectrum of the all-trans isomer of cyclo-[β-Ala-Ala-β-Ala-Pro] is in good agreement with the experimental spectrum of cyclo-[β-Ala-Lys-β-Ala-Pro]. The CD spectra corresponding to most of the individual structures have a negative signal between 200 and 205 nm from the π → π* transitions or at 222 nm from the n → π* transition (see Supporting Information). The broad negative signal in the experimental spectrum is the sum of these two. The calculated CD spectra for minima with a cis β-Ala-Pro mainly have intense negative π → π* signals and very little intensity in the n → π* signal, which is in poorer agreement with the experimental spectrum.
The Boltzmann-weighted sum of the CD spectra calculated from the structures in the vacuum energy landscape shows a substantial decrease in the intensity of the π → π* signal and a small increase in the intensity of the n → π* signal. This change is in the same direction as observed for the experimental CD spectrum on decreasing the solvent polarity, although it does not show the full magnitude of the shift in the wavelength or the decrease in the ellipticity. The matrix method chromophore used in this calculation was parametrized in water and does not include the solvent-induced shift in the n → π* transition. Therefore, the calculated change in the CD spectrum arises only due to the structural change.
We have also calculated CD spectra for all of the minima in the incomplete energy landscape of cyclo-[β-Ala-Lys-β-AlaPro]. The calculated CD spectra for the cis and trans funnels for cyclo-[β-Ala-Lys-β-Ala-Pro] are very similar to those seen for cyclo-[β-Ala-Ala-β-Ala-Pro] (Figure 10 ). This is an encouraging result, but it must be treated with caution because any low-lying minima that have not been sampled would affect the calculated spectra.
Energy Landscape of Cyclo-[β-Ala-Val-β-Ala-Pro]. Ala is a good model for Lys in our discrete path sampling calculations because the backbones of the Lys-and Alacontaining peptides are similar, but the Ala side chain has fewer degrees of freedom to explore. The isopropyl side chain of Val is also much less flexible than the side chain of Lys, which gives a much smaller number of stationary points to be explored.
However, the Val side chain has steric bulk located close to the peptide backbone, which may lead to the conformations of the cyclic peptide ring being different from those of the Ala-or Lyscontaining peptides.
Upon substituting Val for Ala, the additional rotational degree of freedom in the Val side chain leads to an increase in the number of stationary points compared to cyclo-[β-Ala-Ala-β-Ala-Pro], with the number of minima accessible by transition states lower than 20 kcal mol , which is similar to cyclo-[β-Ala-Ala-β-Ala-Pro]. Some of the low-lying structures (Figure 11b and 11c) are also similar to those seen in cyclo-[β-Ala-Ala-β-Ala-Pro]. However, there are also some significant differences. In the most stable all-trans structure (Figure 11a) , the Pro and Val side chains are both equatorial to the cyclic peptide ring. Structures similar to this in cyclo-[β-Ala-Ala-β-Ala-Pro] lie at least 2.8 kcal mol in cyclo-[β-Ala-Ala-β-Ala-Pro]). The stability of both of these new structures may be due to the bulky isopropyl side chain preferring to adopt an equatorial position. In the published crystal structure of cyclo-[β-Ala-Val-β-AlaPro], 39 the unit cell contains two molecules in slightly different conformations. Both of these have all of the peptide groups adopting the trans conformations and are arranged with all of the peptide groups aligned in roughly the same direction. The two structures differ by rotation of the Val side chain and a small change in the orientation of one of the peptide bonds. There is no intramolecular hydrogen bonding, but there is extensive intermolecular hydrogen bonding. Both of these are similar to that seen in Figure 11b , but with the orientation of the β-Ala-Val peptide flipped and no intramolecular hydrogen bond. The crystal structure is not the same as the most stable calculated aqueous-phase structures, but intermolecular hydrogen bonding and crystal packing interactions can have a substantial influence on the conformation of a molecule. Structures with alignments of the peptide groups similar to the 
■ CONCLUSIONS
The ring strain in cyclic tetra-α-peptides that is responsible for their unusual conformational behavior also makes them difficult to synthesize. Cyclic tetra-α/β-peptides are less strained and have cis/trans conformational preferences that are intermediate between the cyclic tetra-α-peptides and acyclic peptides.
NMR measurements on cyclo-[β-Ala-Lys-β-Ala-Pro] show the presence of a mixture of conformers that interconvert slowly on the NMR time scale. In the major isomer, all four peptide groups are in the trans conformation. Discrete path sampling calculations on the energy landscape of the simpler peptide, cyclo-[β-Ala-Ala-β-Ala-Pro], show the presence of two funnels corresponding to the trans and cis isomers of the β-AlaPro peptide bond. These funnels are very close in energy and are separated by a free energy barrier of 15 kcal mol . The cis and trans isomers are likely to be in equilibrium at 298 K but interconverting slowly enough that they can be resolved by NMR spectroscopy. The similarity between the CD spectra of cyclo-[β-Ala-Lys-β-Ala-Pro] and cyclo-[β-Ala-Ala-β-Ala-Pro] is a good indication that the replacement of the Lys residue with Ala has little effect on the peptide backbone and justifies the use of Ala as a model for long flexible side chains.
The energy landscapes of cyclo-[β-Ala-Ala-β-Ala-Pro] and cyclo-[β-Ala-Val-β-Ala-Pro] exhibit some significant differences because the additional steric bulk of the Val side chain close to the peptide backbone has a substantial effect on the conformations of the ring. We have therefore demonstrated that though Ala is an appropriate substitute for amino acids with long flexible side chains it cannot be used to simplify the modeling of analogous peptides with amino acids where the side chains are sterically very demanding and in close proximity to the peptide backbone (such as Val).
The agreement between the experimental CD spectrum for cyclo-[β-Ala-Lys-β-Ala-Pro] in water and the calculated CD spectrum of the major isomer is good. However, our matrix method parameters are only fitted in water, and decreasing the polarity of the solvent leads to less good agreement. We intend to study the electronic spectroscopy of these cyclic peptides using TDDFT. To obtain good excitation energies for chargetransfer transitions, these calculations will be performed with long-range-corrected functionals. 91 It is also possible that hydrogen bonding to the solvent, which is not explicitly included in implicit solvent models, has some effect on the relative stabilities of the cyclic peptide conformations. We will undertake further calculations, either by adding a small number of explicit water molecules to the peptide or by performing molecular dynamics simulations starting from some of the lowlying minima, to understand the effect of intermolecular hydrogen bonding.
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